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Two Fundamental Physics Goals of Cosmology
inflationary tilt & 
scalar-to-tensor ratio
the absolute  
neutrino mass scale
Final word:  
MINOS!
The absolute neutrino mass scale
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What is the absolute neutrino mass scale?
The absolute neutrino mass scale in the laboratory
←70 m→
limit: mνe < 200 meV 
discovery: mνe  = 350 meV
(Σmν ⩾1 eV)
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Matter Domination
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The Cosmological Matter Power Spectrum
Inflation:
How does             probe neutrinos?
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Is this a coincidence?
(Assuming thermal 
equilibrium)
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Distinguishing Features in the Power Spectrum
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1. Shape Information:   
Galaxy Surveys (Future: CMB lensing, Weak Lensing) 
2. Relative Amplitude Information:   
CMB plus Lyman-alpha Forest, Galaxy Bias
Galaxy Surveys
Lesgourgues & Pastor (2006)Relative Amplitude:CMB+Lya
 P (k)
P (k)
=  8 ⌦⌫
⌦m
Σmν:  The March of Time
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The Primordial Spectrum: ?
CMB gives a Precision 
Determination ?
at Large Scales
Planck 2013 + WMAP Pol.: (Planck Collab. 2013)  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 →
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P (k) = Akn
A = 2.196+0.051 0.060 (3%)
n = 0.9603± 0.0073 (0.8%)
Upcoming high-k High-Precision Era: Relative Change to P(k)
Estimating Upcoming Cosmological  ?
Neutrino Mass Sensitivities
Kaplinghat et al PRL 2003 (CMB WL) 
Wang et al PRL 2005 (WL Clusters) 
De Bernardis et al. 2009 (Opt. WL) 
Joudaki & Kaplinghat 2011 (LSST) 
Basse et al. 2013 (Euclid) 
Abazajian et al. 2014 (Snowmass Report)  
Wu et al. 2014 (CMB-S4 + DESI) 
Ων ≈
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93 h2 eV
Hu, Eisenstein & Tegmark 1998
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Lensing Potential Power: ?
Relative Change over an Integrated P(k)
APS CSS Snowmass Report 2013
Cosmological & Laboratory Complementarity
CMB-S4 and DESI galaxy 
survey BAO 1-σ 
sensitivities are, at optimal 
design:  
 
σ(Σmν) = 15 meV  
σ(Neff) = 0.016 
 
providing > 3σ sensitivity 
to the oscillation-required 
Σmν =58 meV and >2σ 
sensitivity to Neff 
CMB alone:  
σ(Σmν) = 34 meV 
σ(Neff) = 0.016 
 
(Wu+ 2014)
Neff  Effects on CMB
✓damping
✓sound
/ H1/2
Larger Neff Leads to 
More Damping
Angular scale of 
damping θd~rd/D 
measured recently
Angular scale of 
acoustic peaks  
θs~rs/D is known 
precisely
The Need for Cross-Analysis Between Neutrino 
Experiment and Cosmology
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⇒ Short baseline oscillations  
require, minimally,  
2 sterile ν’s with specific  
masses, mixings
Joudaki, Abazajian &  
Kaplinghat 2013 SALT2 SNe
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1. Extra Neutrino Flavors:  νs, νs’, νs’’ … 
Models: 2+2, 3+1, 3+2, 3+N …  
 
2. Neutrino Asymmetry from a leptogenesis: 
Neutrino energy density beyond the standard model  
e.g., via lepton number generation
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Using the 
observed 
abundances of 
D, 4He, and 7Li 
alone, 
BBN is very 
pliable to allow 
large neutrino 
asymmetries  
Due to cancelling 
effects between 
νµ/τ and νe, 
and baryon 
density, Ωbh2 
“Degenerate” Big Bang Nucleosynthesis
f(p, ⇠) =
1
ep/T⌥⇠   1
Quantum statistics with early universe neutrinos
Such that:
Vacuum Oscillation
e+/- / µ+/-  background
Thermal Potential  
(finite temperature effects)
Neutrino Self-Potential
Neutrino Flavor Momentum Synchronization…
Abazajian, Beacom & Bell 
2002
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The Death of Degenerate BBN and New Constraints…
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More general density:
Transformation of neutrino asymmetries
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⇡ 113 cm 3 F2(⇠)
LMA solar + maximal ATM 
➔Any chemical potential will 
alter the 4He abundance.
(Dolgov et al, ‘02)
The claimed standard 
abundance of  
Neff (standard) = 3.046  
is uncertain to within this 
order of magnitude due to 
oscillation effects during 
decoupling
⇠ ⌧ 1 =)  N⌫ < 0.04
Signals of deviations from a power law primordial 
power spectrum in the CMB? 
Aslanyan, Price, Abazajian & Easther 2014
Signals of deviations from a power law PPS in the 
CMB with BICEP2 relic B-modes? 
power law
Abazajian, Aslanyan, Easther & Price 2014
cutoff 
no evidence
68%
95%→
1 knot 
weak to significant 
evidence  
running 
weak evidence
Neutrino Mass from Cosmology: What would break if 
cosmology and neutrino experiment disagree?
1. Primordial power spectrum 
P(k) is a simple power law  
 
 
2. No other prevalent  
“non-vanilla” cosmological 
parameters and physics: w, 
Neff, modified gravity...
P(
k)
 →
k →
Summary
• Cosmology has the strongest inferred experimental sensitivity on the total 
neutrino mass, and are forecast to maintain that position. 
• CMB-S4 and DESI galaxy survey 1-σ sensitivities are: 
 
σ(Σmν) = 15 meV &  
σ(Neff) = 0.016  
 
providing > 3σ sensitivity to the oscillation-required Σmν =58 meV and >2σ 
sensitivity to Neff (Wu+ 2014) 
• The neutrino background is not necessarily the simplest possible case. 
Asymmetries from lepton number generation, extra neutrino density from massive 
particle decay, and new neutrino interactions could all reveal themselves. 
• Other relativistic energy density can be present. 
• What if we do not detect the minimal model?   
If the minimal neutrino sector, with Σmν = 58 meV and Neff = 3.046, is not robustly 
detected, it would imply something is “off” in another aspect or aspects of 
cosmology, including possibly: non-constant dark energy, a non-power-law 
primordial perturbation spectrum, extra particle or radiation species, non-zero 
curvature, as well as other possibilities, e.g., a nonthermal cosmological neutrino 
background.
